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Electric fields can be used to force a droplet to wet a solid surface using an applied voltage.
However, significant hysteresis usually occurs associated with pinning forces at the contact line.
Here, we report the forced spreading and subsequent retraction of droplets into liquid films in air on
lubricant impregnated surfaces (also known as slippery liquid infused porous surfaces) where the
contact line is completely mobile. We first confirm that we achieve a complete removal of hysteresis
for the electrowetting of droplets above the saturation voltage. We then show that contact angle
hysteresis can be reduced to less than 4 whilst retaining the ability to fully spread a droplet into a
liquid film using an interface localized from liquid dielectrophoresis (dielectrowetting). In both cases,
we find that the cosine of the contact angle has a quadratic dependence on applied voltage, consistent
with previous theoretical expectations. Thus, our work demonstrates that fully reversible spreading
encompassing a wide range of partial wetting droplet states and a film state can be achieved in air in
a controllable manner with very low levels of hysteresis. VC 2017 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4978859]
Electric fields have proved important in manipulating1
and controlling droplets2 of conducting and dielectric liquids
with applications in liquid lenses,3 optofluidics,4 and droplet
microfluidics.1,2,5,6 Two of the reported approaches are elec-
trowetting, which manipulates the ions in a conducting liquid
droplet at the solid-liquid interface and stores capacitive
energy by the polarization of a solid dielectric layer.7–9 The
other one is dielectrowetting, which manipulates dipoles in a
dielectric liquid droplet at the solid-liquid interface to store
capacitive energy by polarizing a liquid dielectric layer.10–12
There are significant limitations in the electrowetting
approach including the need for any liquids of interest to be
conducting and typically the need for direct electrical contact
with the liquid, although there are examples of using non-
contacting co-planar electrodes.13,14 However, the major
limitation is an inability to spread a droplet to a film state,
due to the existence of a minimum saturation contact angle,
hsat.
9,15
Dielectrowetting utilizes the dielectric properties of
liquids, but the effect is localized to the interface,16 and can
be used to induce spreading or superspreading of droplets of
non-conducting liquids.11,16 Moreover, the saturation of con-
tact angle appears lower than in the case of electrowetting,11
and it is possible to achieve the full range of wetting from a
droplet to a film state that has not been reported in the case
of electrowetting.9,17,18 Full wetting has been shown to be
useful for optical applications based on controlled changes to
the shapes of films of liquids.16,19,20 However, in both the
electrowetting and dielectrowetting approaches in air, the
solid surface causes a hysteresis in which the contact angle
does not recover its original value over the course of several
cycles of increasing and decreasing voltage. In electrowet-
ting, one approach to removing hysteresis is to operate with
a droplet immersed in a second immiscible liquid, such as an
oil,21 and this can result in an entrapped film between the
substrate and the droplet.22 Such droplet-in-liquid systems
can allow properties, such as interfacial tension and density
contrast (e.g., for neutral buoyancy7), to be tailored for prac-
tical applications.
In recent work, it was reported that contact angle hyster-
esis could be removed when electrowetting in air on lubri-
cant impregnated surfaces23 (also referred to as a slippery
liquid infused surface—SLIPS24,25). The focus in that work
was on achieving a completely reversible and tuneable liquid
lens with improved transient response due to reduced droplet
oscillations. Limited information on the agreement with the-
ory between contact angle and applied voltage was provided,
and the persistence of a saturation contact angle precluded
film formation. In our work, we confirm that electrowetting
on a SLIP surface in air obeys the modified Young’s law for
electrowetting but with no hysteresis. Moreover, we show
that dielectrowetting with very low levels of hysteresis can
be achieved, when spreading between a droplet and film
state, in a completely reversible manner. We show good cor-
relation with theoretical expectations and without breakdown
of the lubricant impregnated surface.
To investigate electrowetting, we used the system shown
in Fig. 1(a). A gold conductive layer (100 nm) was deposited
on a glass substrate and coated with an insulating capping
layer of photoresist SU8–2002 (MicroChem, 1.22, 1.57, and
2.05lm, er¼ 3) which can withstand 550V before electrical
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breakdown. For dielectrowetting studies, a four arm spiral
electrode device with electrodes of width d, separated equidis-
tantly by gaps of d, activated by a four phase signal approach
was used (Fig. 1(b)).10 Because the penetration depth of the
electric field into the liquid is related to the electrode-gap
sizes, samples with electrode sizes of d¼ 60, 80, 100, 120,
and 180lm were made. The capping layer used (1.22lm)
was identical to the one for electrowetting to ensure unifor-
mity and comparable wetting properties. This capping layer
protects against electrolysis of the liquid and subsequent
destruction of a device should the droplet becomes conductive
for any reason (e.g., when using hygroscopic liquids).
Two types of surfaces were investigated. In the first
case, a hydrophobic layer of Novec 1700TM (3MTM, 0.3 lm,
er¼ 3, fluoropolymer oleophobic coating) was applied to the
surface to achieve a high initial contact angle (>90) for
both water and glycerol and thus provide a hydrophobic sur-
face (Fig. 1(c)). In the second case, a slippery lubricant
impregnated surface was created by applying a commercial
solution containing nanoparticles (Glaco Mirror Coat) to cre-
ate a superhydrophobic surface and then infusing it with sili-
cone oil (Sigma-Aldrich, 20 cSt). The silicone oil was
applied by dip coating at 1mm s1, thereby resulting in an
oil infused layer of thickness 15 lm (Fig. 1(d)). Droplets of
glycerol on this surface were observed to slide when the sur-
face was tilted from the horizontal by ca. 0.8.
Electrowetting experiments were performed using a
sinusoidal AC voltage, and the electrical addressing in the
dielectrowetting experiements was performed using the four
phase AC actuation previously described in Brabcova et al.10
All sets of experiments were performed with droplets in air.
For dielectrowetting experiments, droplets of glycerol were
carefully dispensed onto the electrodes (typical volume of
5ll), and both side and top view images were recorded.
Since pure glycerol is a hygroscopic liquid (99.5%, Sigma
Aldrich), it was stored in a perfectly sealed container, and a
fresh droplet was used for every experiment. The operating
frequency was 10Hz for electrowetting and 1000Hz for
dielectrowetting. Since the capillary length for glycerol is
j1¼ (cLV/qg)
1/2
¼ 2.3mm, where cLV is the surface tension,
q the density, and g the acceleration due to gravity, droplets
have an initial (zero applied voltage) profile which is slightly
gravitationally flattened. We verified that the liquid was
exhibiting a dielectric response consistent with expectations
of operating above a relaxation frequency of ionic motions
of 14Hz. This is needed for dielectrophoresis to dominate
based on a permittivity of 42.5 and conductivity of
5.6 108 S m1.8 For electrowetting experiments, the num-
ber of free ions in glycerol was increased by the addition of
NaCl (0.13mol l1), giving a conductivity of 1.7 106 S
m1. This is to ensure that ionic migration, which creates the
polarisation of charge across the dielectric surface, did occur
for the applied voltage and frequency used.
Top view images (dielectrowetting experiments) were
captured with a Canon D600 fitted with a macro objective
(Carl-Zeiss Jena, Pancolar). Side profile view images were
captured using a Kr€uss Drop Shape Analysis system (DSA30)
with the apparent contact angles measured by fitting an ellipse
to the droplet profile. Thus, all contact angles discussed in this
work are macroscopic ones rather than microscopic ones,
which may differ at length scales significantly smaller than
the electric field penetration depth, set by the electrode size.
The advancing contact angle of glycerol droplets on the
hydrophobic and SLIP surface measured by the volume addi-
tion method was 104.06 0.9 and 95.06 0.8, respectively,
and the corresponding receding angles were 89.06 1.2 and
94.06 0.9 for these surfaces.
Figure 2 shows electrowetting ((a) and (b)) and dielectro-
wetting ((c) and (d)) on hydrophobic ((a) and (c)) and SLIP
surfaces ((b) and (d)). Electrowetting experiments on both
hydrophobic and SLIP surfaces exhibited contact angle satura-
tion with the contact angle decreasing from 986 0.7 for the
hydrophobic and 90.06 0.5 for the SLIP surface to a mini-
mum of 70–75 (Figs. 2(a) and 2(b)). However, in contrast
to the hydrophobic surface, on the SLIP surface, the droplet
fully retracts back to its original state as the voltage is
removed (Fig. 2(b)). For dielectrowetting, the droplet spreads
into a film state on both types of surfaces (Figs. 2(c) and 2(d)),
and on the SLIPS surface, it is able to fully recover its shape
FIG. 1. (a) Schematic of a droplet in an electrowetting setup. (b) Schematic
of a dielectrowetting system. Inset: Top view of a spiral electrode pattern.
(c) Sketch of a hydrophobic layer. (d) sketch of a slippery liquid infused
porous surface.
FIG. 2. ((a) and (b)) Side view images of droplet of glycerol under electro-
wetting—(a) hydrophobic surface and (b) SLIP surface. ((c) and (d)) Side
view images of a droplet of glycerol on a spiral dielectrowetting device with
d¼ 100lm showing the effect of (c) hydrophobic layer, (d) SLIPS. All vol-
tages are provided as rms values.
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through a sequence of smooth changes as the applied voltage
is reduced (Fig. 2(d)).
Figure 3 shows both an increasing voltage half-cycle
and a decreasing voltage half-cycle for electrowetting and
dielectrowetting (using d¼ 100 lm as an example) using the
hydrophobic and SLIP surfaces. In each case, the inset plots
show Dcos h¼ cos h(Vrms) cos h0 as a function of the
square of the rms voltage, Vrms
2, and therefore tests its linear-
ity. In each of the dielectrowetting on SLIPS cases (Figs.
3(d)–3(h)), linear fits have been taken over data points in the
higher and lower voltage ranges, and these two fits then com-
bined to show the solid curves in the main figure in each
panel. The critical voltage (and the related contact angle)
represents the cross-over voltage between the linear fits to
lower and higher voltage ranges as shown in each inset. The
shift of this point and its dependence on the electrode size
may help understand the origin of such saturation effects in
electrowetting.7,18 In the case of the hydrophobic surfaces
(Figs. 3(a) and 3(b)), the droplet shape changes smoothly for
the increasing voltage half-cycle, but either pins and is
unable to recover (electrowetting; Fig. 3(a)) or involves
jumps during the contact line retreat as the droplet pins and
unpins (dielectrowetting; Fig. 3(b)). In both electrowetting
and dielectrowetting, there is a significant contact angle hys-
teresis problem with droplets not recovering their initial con-
tact angles when the voltage is removed. The situation on a
SLIP surfaces contrasts sharply with either complete removal
of hysteresis (electrowetting; Fig. 3(c)) or a much reduced
hysteresis to 3–4 (dielectrowetting; Figs. 3(d)–3(h)) and
smooth retraction of the contact line. Comparing Figs.
3(d)–3(h), we observed that as the size of the electrodes
increases, the critical point is shifted towards lower voltages
(and higher contact angles).
The full data set for electrowetting and dielectrowetting
can be collapsed onto one master curve using axes scaled
based on the initial contact angle, ho, and a projected thresh-
old voltage, VTh, corresponding to a zero degree contact
angle based on the quadratic fit between cos h and Vrms
2.4,10
Figure 4 shows the scaling result using an x-axis of Vrms
2/
VTh
2 and a y-axis Dcos h/(1 cos ho). It is possible to esti-
mate which of these methods respects the electrowetting or
dielectrowetting modified Young’s law over five different
strengths of dielectrowetting defined by the electrode size, d,
and three different strengths of electrowetting defined by the
insulator thickness.
Our results show that lubricant impregnated/SLIP surfa-
ces can be used to eliminate or reduce hysteresis without
altering the basic contact angle–voltage relationship
observed on simple solid surfaces. For electrowetting, we
observed excellent agreement with no hysteresis over the
range of droplet states defined by the saturation contact
angle. We then showed that dielectrowetting was able to
reduce contact angle hysteresis to 3–4 whilst retaining the
ability to reversibly spread a droplet into a film and without
displacing the lubricant from the surface. Since this approach
FIG. 3. The contact angle-voltage relationship for the increasing (open symbols) and decreasing (filled symbols) voltage half-cycles for ((a) and (c)) electro-
wetting and ((b) and (d–h)) dielectrowetting for all electrode sizes (d¼ 60, 80, 100, 120, and 180lm). Inset: data plotted as Dcos h¼ cos h(Vrms) cos h(0) ver-
sus (rms) voltage squared; the solid lines are fits using data with contact angles above 20. ((a) and (b)) hydrophobic surface, ((c)–(h)) slippery liquid infused
porous surface.
FIG. 4. Scaling comparison of data in Fig. 3 showing the range where elec-
trowetting and dielectrowetting respect the quadratic dependence of Dcos h
on Vrms
2.
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can achieve reversible low hysteresis control between a
droplet and a film state in air without mechanical parts, and
in a scalable manner, it may be significant for liquid-based
optics,4,19,20 droplet-based microfluidics,1 and related
applications.21
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